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ABSTRACT 

The various phases of the research program on Radio Direction 

Finding at the University of Illinois are outlined. 

The first part of the program, now essentially completed, con- 

sisted of a thorough survey of the literature on radio direction finding. 

This part resulted in Technical Reports Nos,. 1, 2 and 3, which are bibli- 

ographies and abstracts of articles and reports on all aspects of the radio 

direction finding problem. As a result of this survey several general con- 

clusions have been drawn. 

1. A large proportion of the effort already expended on direction 

finding has been In developing and improving conventional systems. The proba- 

bility of radical improvements resulting from further work along these same 

lines is not. too great. 

2. This does not exclude the very good possibility that greatly 

improved systems may result from the application of new electronic tech- 

niques, which make feasible certain schemes once considered impractical. 

3. It is noted that, with the exception of techniques like dot- 

lock, which make use of the element of time, most present-day systems 

extract no sere actual information from the incoming signal than did the 

original rotatable loop system. 

The second part of the research program, now in progress, con- 

sists of several theoretical and experimental projects, the need for which 

was indicated by the survey. Under actual operating conditions where 

several waves arrive at the receiver simultaneously (due to scattering 

and multipath transmission phenomena) the conventional direction-finder 
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is incapable of giving a correct bearing, because it does not obtain suf- 

ficient information to solve for all the unknowns. A wave interference 

study is in progress to determine what information is available, and how 

much information is necessary, in order to resolve the component naves. 

The experimental part of this program is concerned with the effects of 

the pick-up antennas on the interference pattern. Preliminary results 

indicate that wide-aperture antenna systems (extending over several wave- 

lengths) are necessary for accurate separation of the waves. One such 

vti de-aperture system is being investigated. Detailed analysis has also 

been made of information obtainable from ordinary crossed-Adcock (.snail 

aperture) systems. It is concluded that conventional small aperture 

systems do not utilize all the information available. It is shown that 

with suitable connections to the antenna elements, it is theoretically 

passible to obtain sufficient inforaation from a small aperture system 

to separate out two naves. Work continues to determine how practical 

this method r-iight be. To facilitate this latter work an antenna simu- 

lator is being built. 

Because the "super-gain" antenna array is one type of small 

aperture system, theoretically capable of sufficient directivity to resolve 

the separate vaves, such arrays have been investigated. It is shown that 

due to their extremely low effective radiation resistance such arrays are 

not practical for direction-finder use. 

• o in    jare rapidly the operation of different types of direction- 

finder systems under conditions uhere more than one wave is present, the 

D-F System Analyzer has been developed. By feeding in voltages correspond- 

ing to the arrival of one or several paves this device gives direct answers 

as to the relative accuracy of different systems under such conditions. 
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The effects cf changing antenna aperture, number of antenna elements, method 

of detection, etc., can be explored rapidly and thoroughlyt  BO that tins- 

consuming analyses or costly experimental-installations arc. avoided. 

One of the "new" d-f systems being investigated is the Doppler- 

effect system. This shews promise as a wide-aperture system. Whether it 

has definite advantages over other wide-aperture systems is as yet unde- 

termined. Its possibilities are to be explored with the D-F System Analy- 

zer. 

A preliminary study of an instantaneous, wide-aperture system is 

being started. In order to adequately display the information received by 

such systems, an eight-beam cathode-ray tube presentation system is under 

construction. 
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INTRODUCTION 

E. C. Jordan 

Thfe purpooo of this report is to aunmarieo briefly Borne of the 

objectives and present activities of the radio direction-finding research 

program at the University of Illinois. The researoh program was undertaken 

to investigate the basis problems of direoticn-finding, with the ultimate 

objeotive of evolving a direotion-finder system which would approach more 

olosely to the ideal* The "ideal" direction finding system is considered 

to be one capable of giving an accurate^ instantaneous bearing on a signal 

of any frequenoy noming from any direotion. 

In order to acquire the necessary background, and to avoid repeat- 

ing work already done elsewhere, a thorough survey was made of the literature 

on direotion finding. The great extent of this literature (some 1+000 papers 

and reports have been recorded) emphasises the faot that many capable indi- 

viduals and organisations have already worked on the problems of direction 

finding. However, the major portion of this effort has been applied to the 

development and improvement of what might be called conventional systems. 

Beea-ase of this, it is felt that the probability of radical improvements 

arieing from farther work along these lines is small. The best possibilities 

for major advances seem to lie in applying new electronic techniques to the 

problems, or in determining and overcoming certain fundamental failings 

common to all conventional systems. In this connection it is noted that most 

systems, however complicated they nJiy **, extract no more information from 
« 

the oleotromagnetio field than dc the simple orosaed-loop or orotsed-Adcook 

systems. 
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The several theoretical and experimental projects now being work«d 

on arc oonaistent with the above conclusions. In actual operation, because 

of scattering, reradiatlon and multipath propagation phenomena, there are 

usually several waves arriving at the oolleotor system. Under these condi- 

tions the conventional radio direction finding system is inoapable of giving 

the oorrect bearing because it does not obtain enough information to solve 

for all the unknowns. The problem then is to deten.-u.ne how maoh information 

is necessary, the type of antenna system required to extraot it, and the 

best methods of operating on and presenting the information obtained. The 

problem divides naturally into two parts: the first is an electromagnetic 

field and antenna problem; the second is ». circuit and systems problem. 

The wave interference study is oonoerned with the problems of how 

much information is required to separate the several waves, how mu*h can be 

obtained, and what is the optimum configuration of probes to obtain this 

information. The results obtained so far indicate that in the presence of 

more than one wave wide-aperture systems (that is, antenna systems large in 

wavelengths) are necessary for an aoourate indication of direction of arrival. 

For this reason the major emphasis is being placed upon suoh Bystems. How- 

ever, because in many applications wide-aperture systems are entirely out of 

the question, the possibility of obtaining sufficient information from small 

aperture systems is also being investigated.  In this connection the analysis 

of conventional systems has shown that, if the proper steps are taken, addi- 

tional information can be obtained from small aperture systems, sufficient 

(in theory at least) to separate out two waves and indicate their respective 

directions of arrival. Although the method may prove impraotioal in operation 

it is to be tried out in a laboratory experimental set-up. 
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One type of taall aperture system whioh is Icnovm to be capable of 

resolving waves from different directions is a super-gain antenna array. 

With such arrays it is pccsible. theorstioally, to obtain arbitrarily sharp 

t directivity with an array of given length. A study has been made of the 

directivity and impedance characteristics of several of these arrays.  It has 

been found that as soon as an attempt is made to obtain high-gain with arrays 

of small aperture, the effective radiation resistance of the array decreases 

rapidly to the point where it booomes impracticable.  In a reoent paper*, 

Chu has considered this problem muoh more generally and has shown that the 

bandwidth of such systems decreases rapidly to zero aa the aperture deoreases. 

After collecting the information i»ith a large or seal] apar-hure 

antenna system it is necessary tc operate on it in order to put the informa- 

tion in a form suitable for presentation.  There are a great mriny different 

ways, both tried and untried, for doing this, and the various methods give 

rise to different systems of direction finding. Although a separate analysis 

"ould be oarrieu through on eaoh system for each of the many combinations of 

arriving waves, suoh analyses are laborious and time-consuming, and the 

comparison of different systems is diffioult. On the ether hand the purely 

experimental approach in which eaoh system complete with antennas is set up 

and tried out in the field is costly and subject to the difficulties of un- 

known or uncontrollable variables.  To avoid the difficulties of both of these 

approaohe6, the direction finding system analyzer was devised.  In this 

device the voltages whioh would exist at the terminals of the antenna system 

in the presence of one or more waves are oalculatod, and these voltages, 

* L. J. Chu, "The Physical Limitation of Directive Radiating Systems", 
presented at I.R.E. Rational Convention, March 19U8. 
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obtained from an oaoillator through appropriate attenuation and phase-shift 

networks, are fed to the system (or a suitable model of it) under test. This 

arrangement makes possible the rapid exploration of the effeot of changes in 

any of the many variables, auuh as antenna aperture, direotion, magnitude and 

phase of arriving waves, different methods of deteotion and of presentation. 

In its initial application tha system analyser will be used to explore the 

operation of the Doppler Effeot method of direction finding, upon which a con- 

siderable amount of analytical v?ark has »ir«&dy been done by the group.  In 

particular, the performance of the Doppler Effect method under conditions 

of more than one wave arriving is to be investigated, and compared with that 

of a ooimnon crossed-Adoock system. 
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III 

I "TERATURE SURVEY 

John ltyers 
Nicholas Yaru 

The first task undertaken by the Direction Finding Research 

* Group was a literature survey, intended to acquaint the members of the 

group with the radio direction finding problem and incidentally to gather 

together a ready reference of all published material.    The first published 

result of this survey was Technical Report No. 1, Bibliography of Published 

Articles on Rfcdlo Direction Finding,    dated June 1, 1947.    This report con- 

tained a comprehensive listing of radio direction finding articles published 

in this country and throughout the world from the early beginning of direc- 

tion finding to the present. 

Technical Report No. 2, Abstracts of Published Articles on Radio 

*. Direction Finding, dated Ssptember 1- 1947, contained abstracts of about 450 

of the articles listed in the bibliography: only the articles considered 

most important and relevant to the group's work were abstracted.    This 

report of abstracts was prepared initially for th6 group's use, but it 

was decided that the results of the survey should be made available to 

others working in the field. 

Inasmuch as the wartime work in the field of radio direction 

finding was generally unavailable in the literature, and because much of 

the work will never bo published, a thorough search of research files of 

the government and commercial concerns was undertaken in order to list as 

completely as possible all written reports.    This search culiiinated in the 

group's Technical Report No. 3, a bibliography of reports on radio direc- 

tion finding, dated February 1, 1948. 
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In order to make complete the literature survey, a BlbXlo* 

and Abstracts of Patents on Radio Direction Finding is being prepared and 

vri.ll be published in the near future. The publication of this report Trill 

complete the work on this phase of the group's program, but it is intended 

that tta group Trill keep an up-to-date listing of all patents and papers 

written in the field. When the number so warrants, supplements to the 

bibliographies will be published. 
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DIRECTION FINDING ON SIGNALS CONSISTING 
OF MORE THAN ONE RAY 

E-. C. Hayden 
J. D. Goooh 
R. H. DuHaraal 

In a simple linearly-polarized plane wave, the wave-fronts, or 

equiphase surfaces, are perpendicular to the direction of propagation. 

Most of the direction finding systems in use at present are designed to 

determine the direction of arrival of such a wave; in most oases the wave 

should be vertically polarised.  The direction finder usually locates, 

either directly or indirectly, an equiphase surface.  Then the direotion 

of arrival is assumed to be perpendicular to this surfaoe. If the arriving 

wave departs from the ideal condition, the measured bearings are subject 

to error, the amount and type o*  error depending on the particular system. 

Suoh departures from the ideal condition may, for example, take the form 

of; 1) arrival of the wave from an appreciable vertical angle, 2) rotation 

or elliptioity of polarization, 3) multipath propagation, or k)  combina- 

tions of these. 

In this study we are particularly interested in the multipath 

phenomena. There are two aspects to the problem; 1) determination of the 

directions of arrival of the rays at the direction findsr location (the 

resolution of the total field at the direction finder into component rayc) 

and 2) location of the transmitter emitting the signal, taking into account 

the irregular paths traveled by the rays. For the present we are oonoerned 

with the first portion of the problem. 

IThen a signal arrives at the reoeiving looation over a single 

path it ueually approximates a plane wave. If, however, the same signs! 
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is reoeived over two paths having different directions of approaoh to the 

receiving site, the equiphase surfaoes of the oombined field are in general 

neither plane nor perpendioular to the direotion of arrival of either ray. 

The presenoe of more than two rays of course further complicateo the picture. 

The basic problem in unscrambling the rays is to discover, for a 

given situation, what information is available in the field, what portions 

of this information are needed to determine the direotion of arrival of 

the rays, and how to obtain this information by actual measurements. The 

situation illustrated in Plate 1 will aer-ve  as an example. This situation 

is comparable to that whioh exists when two ground-wave rays arrive at a 

reoeiving looation.  If the two paths are stable (no fading) the combina- 

tion of the two rays produoes a standing wave pattern. The configuration 

of the pattern depends on the directions of arrival of the rays, their 

relative amplitudes, their poliurizatic-ns, and their phase difference. 

In Figure 1 of Plate 1, the rays are separated by an an&le, 2 o<., 

of 30°. The x and y axos are ohosen so that the x axis bisects the angle 

between the rays and so that both rays have the same phase at the origin. 

The electric vector is assumed to be perpendioular to the page. The looi 

of the maxima and minima of the standing wave pattern are shown, '.their 

locations are given by the following equations: 

Maxi.ua; y»   n ft       n -f°» 1* 2  
5 sinV        (-1. -2  

Minima; y » (pn+l) A      n    t   '     '    '  
/+ sin oC       v * ~ *• •••"•••• • 

Note that the locations of the maxima and minima depend only on A «*d «*v ; 

they are independent of the strengths of the rays. Also plotted in j'igure 1 

are the equiphase surfaoes for three valuss of K (K is defined to be the 
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ratio of the strength of ray #2 to the strength of ray #1).  The equiphase 

surfaces shown in this plate have the same phase as that cf the two rays at 

the origin.  Those surfaces may be plotted from the following expression: 

y - -A    Aro tan [£* tai/£2£'ooa«jj- n A      n JP'1'2'""" 
*TT sinoc       \J&       \  7s    y]  8lnei       (-1,-2,  

Figure 2 of Piato 1 is similar to figure 1, except that e/y  • 22.5 

There are several distinctive features about the field patterns 

illustrated in this plate:  1) the looi of the minima (or maxima) in the 

standing wave pattern are parallel to the biseotor of the angle between the 

rays; this is true regardless of the site of the angle and the relative 

amplitudes or phases of the rays; 2) the distance between adjacent minima 

(or maxima), measured in a direotion perpendioulnr to the bisector of the 

angle between the rays, depends on the wavelength of the signal in space 

and on the angle between the rays* this distanoe is equal to h/(2  slnoC), 

and varies from f\/Z vhen the rays are separated by an angle of 180c toward 

infinity when the rays both arrive from the same direotion; 3) "on the 

average", the equiphase surfaces are perpendioular to the stronger ray; thus 

the direotion of the stronger ray could be approximated by use of an equiphate- 

surfaoe-looating device having a wide enough aperture so that it would give 

the "average" direotion of the surface, rather than the direotion at a 

particular point. 

The directions of both rays oan be calculated from a knowledge 

of thfl wavelength of the signal, the distanoe between adjacent minima, and 

the fact that the minima are parallel to the biseotor of the angle between 

the rays.  This is not tha only set of information that oan be used but is 

one possibility.  There of oourse remains to be solved the problem of ob- 

taining and presenting the information quiokly, accurately, and conveniently, 

- 12 - 
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Most direction finders do not obtain, or at least do not use, 

enough information from the field to permit unscrambling the rays, A large 

part of our problem is to disoover how much and what information must bo 

obtained from the field in order to aooomplish this end.  Ther. cf course, 

means of obtaining this information by actual measurement must be worked out. 
- 

Ono very important aspect of this problem is the question of the 

minimum possible site of a system whioh will obtain Buffioient, and suf- 

ficiently acourate, information to separate the rays.  In other words, over 

how great an area must measurements be made to get the neoessary data? What 

is the smallest aperture that oan be used? 

Microwave systems oan distinguish between two rays if they are 

separated by a large enough angle; th« site of the angle required depends 

on the beam-width of the antenna array. However, this technique becomes 

impractical, or at least difficult and costly, at low*"* frequencies because 

I        of the large site of the antenna system required to give sufficient direc- 

tivity.  It would be very helpful tc knew whether it is possible to build a 

system whioh does not require as much sp.\ce as the type just mentioned, and 

if so, the site to which the system oan be reduced. 

Work on super-gain antenna arrays disoussed elsewhere in this 

report indicates that it is theoretically possible to get any desired direc- 

tivity from an antenna array as small as ono wishes. This seems to indicate 

that it is possible, theoretically at least, to build a sys-cem of high re- 

solving power in a very small space.  However, practical considerations plaoe 

,        a lower limit on the cite of such a system. Thus, while it seems to be 

theoretically possible to build a system that is as small as desired, practi- 

cal reasons (sensitivity, bandwidth, limitations on the aocuracy with whioh 

quantities can be measured, etc.) seem to indioate that a fairly large 
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aperture may be neoessary. One of the problems to be solved then, is that 

cf determining (in general if possible, but at least for certain specific 

systems) Junt how large the aperture needs to be, considering both the theo- 

retical and praotical aspects of the situation. 

In order to oonfirm theoretical conclusions and to test the feasi- 

bility of various systems of obtaining information from the electromagnetic 

field, an experimental measuring system if being used. 

One of the difficulties enoountered in putting a proposed system 

into practice is that of the effect of the antenn* or oolleotor system on 

the field. Current flowing in one portion of an antenna system affects 

the field seen by other parts of the system.  Some idea of the magnitude of 

such effeots can be obtained by calculation, but the final proof must come 

from aotual operation and testing of the system. 

Liberal _se is being made of the modeling techniques developed in 

recent years. A block diagram of the equipment 1B shown in Plate 2. At 

present a frequency of about 3000 mos is being used.  If only one horn le 

excited a simple plane wave can be obtained at a sufficiently large distance 

from the horn.  If both horns are oxoited, an interference field is obtained. 

The relative amplitudes, phases, polarizations, and directions of arrival 

of the two rays oan be controlled. This type of setup permits making 

measurements on fields of known configuration, as well as providing a method 

of obtaining a wide variety of configurations. 

-U- 



DIRECTION FINDING SYSTEM ANALYZER 

John layers 
Robt. Brunner 
Douglas Royal 
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The Direction Finding System Analyser is a device designed tz 

facilitate the rapid investigation and comparison of different types of 

direotion-finding systems, especially under conditions of operation where 

more than one wave is present (e.g. reradiation, multi-path transmission, 

etc.). With the analyser the elootromagnetio field and antenna system are 

replaced by a set of terminals equal in number to the antenna terminals. 

To these terminals are fed voltages of appropriate magnitude and phase to 

represent the arrival of one or several waves it  tho antenna system. Con- 

nections are made from these terminals to the direction finding system (or 

a Suitable tnodui of it) under test; 

This method possesses several very real advantages over both the 

straight analytical and the straight experimental approaches.  She analytical 

approach can be oarried through for certain idealized oases but tho analyses 

are involved and tiws-oonsvusing sc that a complete exploration of all the 

variables is not possible. The purely experimental approach in which the 

system (complete with antennas) is set up in the field is also a long job, 

and for the larger systems, a oostly one as well.  In addition, there are 

unknown variables, suoh as reradiation and stray reflections, over which the 

experimenter has little or no oontrol.  This is a serious disadvantage when 

the objective is the ooiaparison of systems under prescribed conditions. 

Beoause of the rapidity with which measurements oan be made under controlled 

conditions it is believed that the Analyser will prove a powerful tool in 

- 15 - 



• 

" 

> 

appraising the va.ue of new systems and comparing tham with conventional 

systems. 

In the Direction Finding System Analyzer the voltages at the 

antenna terminals of any arbitrary direction finding system are simulated 

by generating appropriate voltages to correspond to any number of arriving 

waves and any number of piokup points, and mixing them in a suitable manner. 

These resultant voltages are then available for introduction into any radio 

direction finding indicating system for presentation. Provisions have been 

made for introducing the voltages into the DAK direction finding system for 

presentation in the "propeller' pattern"; also, an electronic switching oir- 

ouit has been constructed for analysing the data obtained in a Doppler Effect 

direction finding system.  The conceivable jaethods for analysing the dPta 

are many and are not limited by the presentation methods herein described. 

In applying the Analyser to the analysis of a single electromag- 

netic wave, it is necessary only to compute the phase of the voltages at the 

various pickup points.  This is a simple set of calculations.  This Informa- 

tion is then introduced into ths Analyzer by setting a calibrated dial to 

the required phase and another dial to the required amplitude. By making 

settings corresponding to many directions-of-arrival of the arriving waves, 

and further settings corresponding to many time phases of the arriving waves, 

complete data on the effeots of more than one signal at the collector system 

of the direction finding may be gathered.  This will show the effeots of 

known changes in the arriving waves, changes which in experimental measure- 

ments are sometimes difficult to obtain and to isolate from undesired 

changes.  It is expected that the time required for analysis of any giv*»n 

direction finding system vrill b? reduced by a large factor, 
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The Analyser as being built operates at 175 kc, where it is rela- 

tively a simple matter to obtain known phase shifts. By scaling do*m to 

this frequonoy, the Analyser in effeot is a model on whioh measurements ar$ 

made at frequencies with which it is easy to work.  In a Doppler radio direc- 

tion finding system, f<-.r example, th»> switching (or rotating) rate of the 

antenna elements would be scaled down by the same faotor as the carrier fre- 

quency in order to retain in the Analyzer the same ratio between these 

frequencies. 

By introducing suitable dial settings, it will be possible to 

investigate quantitatively the effeot of oolleotor aperture on error. Present 

evidenoe seems to indicate that oolleotor arrays large in wavelength are 

better able to take accurate bearings than those of small aperturet the 

Analyzer offers an easy way to investigate this variable. 

In Plate U.  there is shown pictorially the phase difference of 

reoeived voltages at the terminals of a U-element antenna array in th6 field 

of an e.m. wave; the charts beneath the figure give the phase of tho imping- 

ing wave for different angles-of-arrival and different apertureB, where 

phases are referred to the oenter of the array. 

A rear view of the Analyzer io shown in Plate Js Plates 5* 6, 7» 

and 8 are block diagrams of the Direction Finding System Analyser as being 

constructed.  In Plate 5 is ehovm the 175 -°« signal generators, whioh origi- 

nate the signal operated on by the phase shifters. Provisions have been 

mads to use either a orystal-oontrolled frequenoy source, necessary for 

Doppler measurements, or a variable frrquenoy osoillator, whioh is convenient 

if tho simulated voltages are to be applied to the indicator of an existing 

direction finder.  The DAK direction finding system has an l.f. frequenoy of 

175 kcJ BO it will be possible to tune tho v.f.o. to exact resonance with 
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the i.f. channel. 

The phase shifters and amplitude oontrols inmediatoly following 

the oscillators give the operator oontrol over the apparent time-phase of 

, the arriving signals.  If the arriving waves take different paths in arriv- 

ing at the oollector, in general there will be an arbitrary phase differenoe 

between them corresponding to the differenoe in path length. There are 

shown two branohes, with outputs A and Bj these provide two separate channels 

simulating the arrival of two signals from the same source.  There is no 

reason why there could not be an indefinite number of branches simulating 

the arrival of a like number of signals} but it was considered sufficient 

to provide for the simulation of two arriving waves, at. least for the first 

model of the Analyzer.  The mechanics.! construction and «iectrical connec- 

tions are suoh that additional channels may be added as desired. 

The outputs A and B arc fed into two identioal ohannels, shown in 

Plate 6.  These phase shifters, labeled Spaoe Phase Shifters, allow the 

operator to adjust individually the phases of the voltages corresponding to 

eight separate pick-up points receiving simultaneously two waves. For an 

Adcook system, only four of the available pick-up points will be used; for 

the Doppler system, however, all eight will be used, and it is likely that 

eight additional points will be provided. The bank of phase shifters fed 

by channel A are identical to those for channel B. The outputs of the indi- 

vidual phase shifters are then oombined in pairs (one signal from A and one 

from B) and the resultant outputs supplied to terminals labeled Di, Dg,.,,,, 

Do. At th(?se terminals there appear the voltages which simulate t... voltages 

» appearing at eight antennas in an e.m. field consisting of two arriving 

signals of arbitrary direotion, phase, and amplitude, with arbitrary looatiou 
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of the antenna elements. 

Plate ? shows the block diagram of tho oirouite used for applying 

the voltages to the DAK direotion finding system.  The inputs Dj, Dg, D_, 

and Di ooming from the phase shifters in Plato 6 are combined differentially 

to give a pair of output voltages equivalent to the voltages -appearing at 

the output terminals of the orossed-loops of the DAK.  This pair of equivalent 

voltages is than fed into the goniometer of the DAK and indication accom- 

plished in the conventional manner. Provisions are mad© to provide by moans 

of a switoh any of three pairs of voltage to the indicator; Position 1 of 

the switoh, shown in Plate 7, allows the operator to see the bearing of one 

of the arriving signals, say, the desirod or main signal; Position 2 allows 

tho operator to display tho oombinatrt.cn or apparent bearing caused by the 

presenon of two arriving signalsj and Position 5 provides for displaying 

tho bearings of the undosirod or interfering signal. 

Display of the Dopplor direction finding system, desoribed else- 

where in this report, is shown in blook form in Plate 8. The outputs D1# 

C  ,D„ are applied to the grids of mixer tubes whioh are gated by a 

suitable ring counter, and tho output is taken off of the common plate 

impedanoe of the mixer tubos. The ring oounter is firod oyolioally by an 

8000 cyole audio volteze, peaked suitably for firing the gas tubes of the 

counter. Thus, voltages corresponding to the eight individual pick-up points 

are ohanneled sequentially, with n repetition rate of 1000 cycles, into a 

common channel; oaoh of the olght signals is gated for only one-oighth of 

• the repetition interval inasmuch as the eight share equally in time the 

repetition interval. After being olippod to reaore switching transients, 

this complex waveform ir. fed into a phase deteotor, desoribed elsewhere in 

this report. 
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The output of the phaso detector is e.n audio wove with a fundamen- 

tal frequency equal to the repetition frequency (1000 cy>ieo) of the ring 

counter.  In general, this wave will be o.  distorted sine wave; so it is 

applied to a 1000 cycle band-pass filter, the output of which is then a puro 

1000 oyclo sine wave.  This sine wave is peaked and used to drive a delay 

multivibrator whose delay is adjustable over about 1-1/1+ of the repetition 

poriod.  The output of the multivibrator is differentiated and clipped, and 

the resultant voltage is a positive pulse of short duration, say, 10 micro- 

seconds.  This pulse is used to intensify a cathode-ray tube, which normally 

is adjusted so that tho circular sweep is blaolc. 

Four of the pulses from the ring oovuit«r output ore mixed together 

to form one square wave of a fundamental frequency of 1000 ryclws; this square 

wave is applied to a 1000 kc. band-pass filtor to extract the fundamental 

component.  The pure 1000 cycle wave is put through a 90° phase shifter; 

there then is available a pair of 1000 cycle quadrature voltages which are 

used to generate a ciroular swoop on the cathodo-ray tube mentioned above. 

The screen of the cathode-ray tube is black except when the tube is intensi- 

fied by the pulse genorated as explained above^  The position of the spot 

on the tub* is an indication of the phase difference between tho 1000 cycle 

wave from the phase detootor and the 1000 cycle voltage which generates 

the sweep.  This phase difference is a direct measure of the angle-of-arrival 

of the e.m. wave at the antenna collector,  Tho delay multivibrator previously 

mentioned allows the spot to be zeroed to correspond to zoro direotion-of- 

arrival, A movable cursor will allow the apparent direotion-of-arrival to 

be read off directly in degrees. 

In applying the Analyzer to the analysis of a given direction 
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finding system, a ohart of phase shifter dial settings will be required for 

setting up the system to simulate the desired antenna configuration and 

arriving wave direetione. However, as indicated before, tho calculations 

are quite simple; oaloulatione for any direction-of-arrlval and any antenna 

aperture may be made rapidly and will serve as permanent data for setting up 

the Analyzer.  Compared to a possible time of, say, weeks for obtaining 

experimental or analytical data from an actual direotion finding system, 

the Analyser should reduce the amount of time and work required for a given 

analysis by possibly a factor of 50. And further, any proposed direotion 

finding system may be sot up simply by setting dials; no oostly construction 

of a complete direction finding system should be neoessary.  fhe Analyser 

is potentially a valuable instrument for the study of direction finding 

errors. 
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VI 

ELECTRONIC PRESENTATION OF DATA 

John Myers 
Robert Brunner 

In order to display adequately the large amount of information that 

it is necessary to extract from the various systems to be investigated, ar. 

eight-gun cathode-ray presentation system is being constructed. The deflec- 

tion amplifiers have been designed to have a band width of about two mega- 

cycles. Because of the size of the tub* &ud the many terminals around the 

periphery at the base (see Plate 9), the amplifiers are being constructed in 

a novel manner: the amplifiers for each of the eight set» of deflection 

plates and grids ar« identical, electrically and mechanically, and are built 

in a turret arrangement around the neck of the tube. 

It is expected that this multi-gun tube will be of considerable use 

in an investigation of instantaneous presentation methods because the eight- 

guns will allow the simultaneous comparison of the phases of eight or more 

voltages. 
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VII 

DOPPLER EFFECT RADIO DVRBCTION FINDER 

Lionel Boulet 
John Anderson 

To determine direction of arrival of a radio wave the Doppler 

direction finder makes use of the change in received frequency which occurs 

when an antenna moves in souse prescribed path, When the antenna moves 

toward the transmitting source, the received frequency increases, and it 

decrease* nhon it*. r:tnv«s mflv •yr»m **^« »2?£fS2!2i»** '"*'* sourcs* ths chsr^s in 

frequency is A f " f —, where v is the component of velocity of the antenna 

in the direction of propagation of the wave, f is the carrier frequency, 

and c is the velocity of light. 

For a single vertical antenna rotating about a vertical axis, the 

received wave has the form, 

C - A cos fwct^,T 
d cos O0-uVu.t)l 

an illustrated in Plate 10, Figure 1, where 

s,\   s angular velocity of the received wave. 

^ s wavelength of the same wave. • 

"TTd - distance between antenna and the axis of rotation 
)\  expjroaoou in radians* 

Cn = angular velocity of the rotating antenna. 

Q = angle of arrival of the radio wave. 

With a mechanically rotated element the frequency deviation of 

the received wave is too small at any practical rotational frequency and 

value of d, Therefore a set of fixed antennas with high-speed electronic 

switching from antenna to antenna must be considered. 
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Th'3 case of a linear array of fixed antennas commutated in suc- 

cession was considered (see Plate 10, Figure .2).    Tha resulting magnitude 

of Doppler frequency change is an indication of the angle-of-arrival of 

the wave.    Because the frequency change is the same for waves arriving at 

the aame angle to, but on opposite sides of the axis of the  array, there 

is an ambiguity of the bearing.    This ambiguity can be eliminated by using 

another line of antenna perpendicular to the first. 

An alternative arrangement is a circular array of fixed antennas 

\,i xcit-e   xx/.       XIIM   aux-upo   awxtuiiiiig   x ruui  UIK   cuiociiim   ou   cJioonoi   fueoeuoo   pi u— 

blems in detection inasmuch at; uiourete jumps in phase cause accompanying 

infinite frequency changes. To alleviate this, a lav; of coupling to the 

antennas was studied. Though it seems impossible in the light of recent 

work to find a law tnat will not depend on the received frequency and apsr--= 

ture of the system, a linear law of coupling was found to give a close 

approximation to the. sinusoidal variation of phase and frequency obtained 

in the case of the single rotating antenna. 

Law of Coupling 

Consider two elements in a circular array of fixed antennas. Call 

one element the "nth" element and the next, the "(n-^ l)th" element. It is 

desired to find the lav/ of coupling a3 switching is completed between the 

two antennas such that the voltage output vail have a sinusoidal variation 

of phase. Let the voltage received by the "nth" antenna be: 

cosfuJt + i^E cos»0 - 2,TUrWljjland by the "(n t l)th" antenna be: 

cos/w t .*• SJlS. cos £\ _ 27Tn|) , where the notation is the same as 

for Plate 12, Figure 1. The addition of these two voltages, with the appro- 

priate law of coupling, would be required to take the form: 

A cosUr tf-J^Lx cos (Q - 2 fTat) 
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That is, 

I 

• 

G(t) cos£u> t   2^r cos JQ „ aILilL=jJl I 

+ s(t) coa[u/ ttOi coa[e - aapfu 

= Acoaflut   22Ucos(£   -2TTa*) 

Analyzing G(t) and H(t), using calculus of variations, we arrive 

at the conclusion that there can be no general lav; of coupling to give the 

desired phase variation which does not specify a change in the angle £EL 

betweer. antennas which was assumed fixed* However, linear coupling, pro- 

vided thsrs are not less than eight antennas in the array ^ gives » QIOM 

approximation to a sinusoidal variation. 

Interference Phase Pattern 

A detailed analysis of the effects of an interfering wave on the 

envelope of desired phase variations is to be presented in a later report* 

The results for a single rotating antranna or its electronic eq'dvalent can 

be stated briefly. 

Designating the phase variation (see Plate 12, Figure 2) by \U  , 

it is found to be composed of an original desired function and a series of 

error functions, taking the form: 

\JJ « MJ t-h£ cos W jt+ oC sinpf - 4fc- sin 2 ^-t^t- ain 3 Q ¥ etc. 

.     e0 
where c^- • —* is the ratio cf amplitudes of the undesired and desired signals 

el 

/* = *£ 
OU - = rotational angular velocity 

0 y& Ccos ^1* ~'& " C0«W1tJ + lS'- 
Q x   angle between ]JLne of arrival of e    and e 

1     2 
an<i X    = random phase between e.^ and e, 
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Ife^« 0, thenfO sUJt + Xj cosW^ as would be expected.    If© 

is small, the error, designated £ e, depends only upon^f and^t.. 

£e   scCsin^ - ^-sin 2^4-etc. 

( Curves showing the effect of varying the quantities that charac- 

*eriz.e the interfering signal have been plotted, and a cross section of these 

curves has been included in this report.    Plate 21 gives a plot of the error 

function, 

£ e - flZ-sina -^-   8in 204- ^£- sin 3$ -4— etc. 

as Q   varies from 0   to 360 •    It shows the maxl rnnm phase error (not to be 

confused with bearing error) possible with different values of^r^, and pro- 

vides a working curve used in plotting the remaining curves.   Plates 22 

through 25 give the actual phase variation of signal induced in the rotating 

antenna, plotted agtinst position around the circle.    The parameters & 

* an&Q and/^j are chosen to show clearly the effect of different sljse 

apertures on the phase variation.    In each case the phase variation in 

absence of the interfering signal is shown by the dotted curve.   It will be 

observed that for an interfering wave having an amplitude equal to one-half 

that of the desired wave (<r- » .5) the phase error can be as ouch as 30 . 

For the narrow aperture system, that is tor/^ a 45° (radius « ty8), the 

maximum phase deviation is only 90    so a phase error of 30   can and will 

produce a fairly large bearing error as shown in plates 22 through 25 

(curves C).    For a wide aperture system, say radius » 5A , thv. maximum 

phase error remains at 30° for«y »..5 but the maximum deviation is now 1800° 

so the effect of the interference (that is, the error) is negligible in this 

case.    This discrimination against the undesired wave is exactly analogous 

to the discrimination against an inter-!ering signal which occurs in vvide- 
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band frequency modulation systems- It should be noted that the improvement 

is ever, better than is indicated by the ratio of phase error to maximum 

phase deviation, because the phase error shows up as a high-frequency ripple 

superimposed upon the sinusoidal variation, and this ripple can be filtered 

out after detection. Plate 26 shews how the frequency of A e increase* 

with aperture, but its amplitude remains constant. 

Equipment is under construction to verify thesw r«> suits experi- 

mentally, and to explore the capabilities of the system in operation, 

Eptsa riiwKt al 

Described elsewhere in this report is equipment used for antenna 

simulation by electronic means. With the aid of this equipment, it is pro- 

posed to simulate a fixed-antenna, Doppler type direction finder, making 

possible a tost of the theoretical conclusions obtained. 

Large aperture systems, which reduce site error, are of main 

interest, and this experimental method S6ems to offer a means for fast and 

accurate verification. The reception and detection of thi& phase-modulated 

wave will give a chance to study experimentally different types of phase 

discrimination and methods of presentation. 
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VIII 

ANALYSIS OP EXISTING RADIO DIRECTION 
FINDING SYSTEH3 

Robert Annie 
Harry Williams 

> 

One of the immediate results of the literature survey was the 

realization of the existenoe of a large number of radio direction finder 

systems. Although no oonsistent classification of these systems has been 

found, soso of the more* commonly used radio direotion finders are the 

following» 

(a) Automatic bearing indioator system 
(b) Masually rotated loop system 
(c) Manually rotated goniometer system 
(d) Elovated^H system 
(e) Watson-Watt or Twin-ChaJKi«l, Cathode-Ray Indicator system 
(f) Spaoed-loop «vstans 
(g) Null-seeking system 
(h) Visual Matched-line system 

Under the ideal oonditions of a single, vortio&lly polarised 

wave arriving at the collector of the radio direction finder; eaoh of 

the above types will give the true bearing of the •aavs. Under actual 

conditions, where multipath transmission may result In more than one 

wave component arriving with random polarisation at the antenna system 

eaoh of the above systems is subject to bearing error and blur. The 

merits and demerits of eaoh system are known and have been covered in 

the literature; however, in this connection it was noted that very little 

analytical study had been made of the behavior of the above systems under oon- 

ditions of more than one wave arriving at the antenna. It seemed in order, 

therefore, to investigate the behavior of existing radio direotion finders 

under this oondition. 

A mathematical analysis is being made of the class of radio riireo- 
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tion finders which functions by virtue of the rotation of tho antenna pattern. 

This rotation nay be affected either by the mechanical rotation of a loop, 

Adcock, crossed loop, crossed Adcock, or crossod-H antenna system respectively, 

or by the mechanical rotation of the search coil of a goniometer suitably con- 

nected to a crossed antenna system of one of the above systems. The automatic 

tearing indicator type cf radio direction finder is of this class. 

The initial analysis is based upon the idealized condition of radio 

direction finding, i.e., a single, vertically polarized, wave arriving at the 

antenna system. 

Since, for this class of radio direction finder, the electrical out- 

put of the antenna system or goniometer is eventually demodulated before ex- 

tracting the directional information, the results of the analysis are presented 

in terms cf amplitude, phase and frequency detection respective}^. Generalised 

families of curves show bearing error, blur, effect of sense, and balance 

voltage, respectively, as a function of angular displacement of the rotating 

elements for each type of detection. Approximately 50 pages of curves con- 

stitute the body of this analysis. The curves have a very broad application 

in that they provide a method of evaluating the above class of radio direction 

finders. 

The second phase of this study is an extension of the analysis to 

include the case of the simultaneous arrival of two signals of the same fre- 

quency but with differing amplitude. t4«ne phase and space phfisn (azimuth). 

Approximately 25 families of generalized curves have been calculated 

for this case. The curves show relative amplitude, blur, and bearixg error for 
* 

•I 
varying amounts of time phase, space phase, and sj-.plituda difference 

Certain conclusions (some already known) have been obtained from theeo 

analyses. A summary cf the more important conclusions follows: 
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1. The electrical output of the rotating antenna system or rotat- 

ing goniometer consists of two side frequencies with the carrier suppressed* 

2. 'Ih6 side-frequency (carrier frequency t   mechanical rotational 

frequency) conuponents can have any relative amplitude. 

3. Addition of the sense or balance voltage to the above electri- 

cal output corresponds to a reinsertion of the carrier frequency voltage com- 

ponent* It is shown that the insertion of a sense voltage gives an amplitude 

modulated resultant, and the insertion of a balance voltage gives a phase 

modulated resultant* 

A* If the spacing of the elements in the antenna array or collec- 

tor system is any appreciable part of a wavelength, integral harmonics of the 

rotational frequency arc also present. Using a Bessei'o function expansion, 
I 

it is shown that the spacing or octantel error is produced by the odd har- 

monics of the rotational frequency (any antenna pattern satisfying the 
I 

^ QLrichlet conditions can be represented by a Fourier Series expansion of 

sine and cosine terms having fundamental and harmonic arguments of the rota- 

tion frequency). 

5. Breuningsr* has shown that the spacing error of the conven- 

tional Adcock System may be reduced by the use of more antenna elenants in 
| 

the array - 8 elements were given as a practical compromise* 

6* Under the condition of the simultaneous arrival of two waves of 

arbitrary amplitude, azimuth, and time phase, this class of radio direction 

find-.-a is subject to bearing errors of Z. 90° and blur up to 100£. A recon- 

nection of the antenna elements to give a different antenna pattern in general 

yields different amounts of blur and bearing error for the same condition of 

* 
*   Breuninger, H. W.j Brauchbarkeitsgr-enzen des M-ttast-Adcock-Pellers 

% Hochfrequen^teuhnik       February 1942. p. 50. 
Und Elektroakustick 
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arriving waves, 

7a This last fact suggests and provides a means of separating two 

interfering signals.  Thus by using an eight mast Adoook connection and then 

a suitable reoonnection of antenna elements to obtain the second harmonic an- 

tenna pattern, there is obtained a set of readings consisting cf two bearing 

indications and two blur indications. It is then possible through the medium 

of the families of generalised curves to determine the bearing of eaoh of the 

interfering signals. Under some conditions the resolution may be poor and 

if there are more than two waves, it becomes neoeissary to use additional har- 

monio antenna patterns to separate the signals. However, by oomparing the 

bearing" obtained with the several poscible antenna connections, sotoe indica- 

tion of the probable magnitude of error is obtained. 

In order to investigate the feasibility of the operation of a prac- 

tical direction finder in manner of the above, an antenna pattern simulator 

has been designed and is ourrently being constructed. Initially, this devioe 

will function in the audio frequency range. 

In this frequency range there are readily available simple and ac- 

curate means for the generation, control, and measurement of the amplitude 

and phase, respectively, of several voltages of a desired frequency. It is 

hoped this deivoe will indicate in a quantitative manner what oan be done to 

improve the bearing aoouracy of existing radio direotion finding systems. 

Plate 13 shows the block diagram of the antenna pattern simulatort 

assembly of which has been completed. Plates li+, 15 and 16 show block dia- 

grams of several existing radio direction finding systems which will be 

evaluated by this devioe. 

To illustrate more oouoretely the prooedure for determining the 
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raspeotive directions of arrival of two interfering signals, the method out- 

lined under conclusion seven above will be indicated. For the oase to be 

considered, eaoh of the interfering signald is assumed to be vertically pola- 

rised with respect to the ground plane of ;he radio direction finder* Eaoh 

signal may have arbitrary amplitude, spaoe phase, and tine phase. The collec- 

tor system is composed of eight vertical antennas equally spaced around the 

pbriphe^y of a circle, A sense antenna may be placed at the center of the 

array. Provision is made for the connection of the antenna elements as a 

orossed-Adoock array and again as an array producing a quadrifolium antenna 

pattern. The former connection will be indicated as the fundamental antenna 

array, the latter connection will be indicated as the second-harmonic antenna 

array. 

Certain symbols are defined as followsi 

K > gain of the sanse antenna and associated circuit. 

K. « gain of the Adooak-ooimeoted antenna array and associated 
oircuit. 

K <* gain of the second-harmonio antenna array and associated 
oifouits. 

B, » field strength of stronger signal. 

Eg » field strength of weaker signal. 

s * rs?"'ltaat instantaneous voltage output of the sense antenna and 
associated oircuit. 

e. m  resultant instantaneous voltage output of the fnsdsasata* 
ant«»nna array and a»«C"iit£a oirouit. 

Op *  resultant instantaneous voltage output of the second harmonic 
array end associated oirouit. 

h a Eg/Bj, a numeric jfatio sq-oal to or Isss than unity. 

(a   » angulfj" setting of the goniometer search coil. 

cL   •  space phase angle between the reference axis and the direction 
of arrival of the stronger signal. 

- 32 - 

• ,11 tl •»—».••   .iiiriiniiji 

.       . 



O " space phase angle between the stronger and the weaker signal. 

(fi m  time phase angle between the stronger and th« weaker signal, 

Expressions for the resultant instantaneous voltage output of the 

sense antenna, fundamental antenna array, and seoond harmonic array, respec- 

tively, have been developed as follows: 

e - K E, Tl  + h*> 2h oosto co« (u/t • tan"1 h sin p    ) 
o   o 1 v r I+H 008 to 

• j -^ B^Ub^a oos(7a-^) oospue^+tan-1    ? fffc^+y)] 

* Kl Ei jlt-h^gh oos (-ft +y?) cosfu/t-0 -o^-tan"1 h 8ln^3 -<£>) "1 

An expression for the relative blurring of the nulls has been developed for 

eaoh type of antenna connection as follows: The blur for the fundamental 

antenna array is 

(Blur), J1*** > 2h oosTfS^)  - fl+h* l gh'aos (•£ +W) 

/l+h2 + 2h oos (iS'ft)      *  /l+h2 • 2h oos (•# *^) 

The blur for the seoond harmonic antenna array is 

(Blur)2 jfi»h
g +~2h oos (-S^-S^)  - /l+h* + gh 00a (-g,ff+yk) 

y 1+h2 + 2h oos (-2/3-Lp)      + yuh;- • 2h oos (-0+y?) 

In plate 17, the (Blur) is assumed to be Upjb.    The looi are for 

fixed values of h in terms of[D and *p .    The (Blur)p is assumed to be 70#, 

The looi are plotted for fixed values of h in terms ofo andy?. 

The two sets of looi are sclvs'i simultaneously to give tiw possible 

solutions indicated by the heavy solid lines. To reduoe the number of possible 
4 

solutions,, K. is made identically equal to IL, and the ratio of eg to e. is then 

measured. By expressions given above it is seen that the ratio beoomes 
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• I „ /l»hg • 2h oca (-2#-tt>) *   Vl+h2 + 2h ooa (-g#f(/7) 

j»fj  ^Uh^ • 2h oo7~(^?-t0)  + /l+h* + 2h ooa (-@+\p) 

The looi for different values of h as a funotion of/ 

have bean plotted for an assumed ratio of *o/*\  " °*^* "hen these looi are 

solved simultaneously with the possible solutions indioated above, only ?o»r 

possible solutions remain (indioated by heavy black arrows on plate 17).  If 

now the polarity of the fundamental and the second harmonic antenna pattern, 

respectively, be determined, three cf the four possible solutions are imeoa- 

patible. A unique solution is thus obtained whioh gives h, 0,  and jf^ for 

two interfering signals of arbitrary relative amplitude, relative apace phase, 

relative time phase, respectively. There still remains the problem of deter- 

mining the absolute space phase of the stronger signal. This is obtained 

through the medium of generalized bearing error ourvee which can be calculated. 

Prom the ourbory outline given above, it is apparent that the 

aocurate determination of the direction of arrival is made considerably more 

complex by the proseace of one or more interfering signals. 

The interesting aspect of this study is the evident fact that there 

is theoretically available from modified existing radio direction finders 

enough information to oomplctoly separate and identify the directions of 

arrival of two interfering signals. 

The praotioability of this method will be evaluated by means of tJ»» 

antenna pattern simulator. 

At the completion of these studies, a comprehensive report is to be 

I issued. 
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SMALL HIGH-GAIN ARRAYS FOR DIRECTION FINDING 

Nioholas Yaru 

A study has been node of the applicability of small, high-gain 

arrays ("super-gain" antennas) to the direction finding problem. Most con- 

ventional direction finding systems in the modium and high-frequency bands 

operate on the null of the antenna pattern rather than the maximum because 

of the broadness of the lobe obtained with ordinary directive antenna systems 

which are small in wavelength. A direotive array which is capable of pro- 

ducing a narrow beam and which in also small in wavelength would bo cf great 

value in direction finding. To determine how practical such arrays might 

be, calculations were made of the directivity, driving-point impedances, and 

probable effioienci.es of several small, high-gain arrays. The results are 

indioatod by the typical examples shown. 

Plates 16 and 19 show oaloulated radiation patterns for linear 

end-fire arrays having overall lengths of three-quarter wavelength and one- 

quarter wavelength respectively; plate 19 oompares a 3~element array having 

l/8 wavelength spacing with a 5-element array having the same overall length 

of l/h wavelength. Plate 18 shows the patterns of arrays of U» 7» 13 and 25 

elements, each array haring an over-all length of 3A- wave length. Plate 18 

especially indioat«s the theoretical possibility of obtaining arbitrarily 

great directivity with arrays of given lengths, if the elements aro fed with 

currents of proper magnitude and phase. The relative currents required to 

obtain the patterns of Plates 18 and 19 are shown in Table I, 

The driving point impedanoes, which result for the arrays of Plate 

19 f°r l.A- wavelength elements and l/6 wavelength elements, are tabulated 

- 35 - 

. 



v*m 

¥. 

in Table II,  (These are for vortioal elements fed against ground.) 

Table I 

Relative Currents in Endfire Arrays 

Three element array of 
\ antennas spaoed \  apart 

Five element array of 
x antennas spaoed x apart 

Five element urray of 
x antennas spaoed \apart 
6             lS 

antenna j Ij-1.0 t?. Ij-1.0 £ I^l.O 12 

antenna 3 Ig-1.85 1=157.5° I2»3.9 irl7U.U° 12-3.9 Lz i7fc.l»° 

antenna ^ Ij-1.0 b315° i3-5.0 L=3U8.8° Ij-5.8 lr 31*8.8° 

antenna ll V3.9 /r523.1^ V3*9 b 523.1° 

antenna 4 I..-1.0 Zr697.5° I5-1.0 fc 697.5° 

Table II 

Driving Point Impedances - Endfire Arrays 

Three element array of 
\ antennas spaood x apart 

Five element array of 
x antennas spaoed X apart 

Five element array of 
X antennas spaood X apart 

antenna 1 V5,7 +311*8 2^2.75 - J£ V "3.9 - J9L7 

antenna 2 Zg-U.7 *J28 Z2- .75+ ik.k Zg- -,8U - J106.2 

antenna 3 Zj—11.3+J29 Z,— a lit • j6.7 Z,« .16 - 3109.1* 

antenna 4 Z, «-.62 • jU.l* Z^- 1.4 - J106.3 

antonna 5 Z?- 2.4 - J3.6 Z5- 2.1 - J89.6 

It is seen that with the olose spaoings and phase relations re- 

quired to obtain sharp dirootivity, the resistive oomponents of the driving- 

point impedonoos &rs reduood to extremely low values, being negative in some 

oases. Using these results, the thooretioal array effioienoies were oemputed. 

Those array effioienoies are shown in "J-able III, and have been obtained on 

tho basis of assumed effioienoies of 90jS and 70£ respectively for a single 

element radiating by itself, 

- 36- 

• —.. ^-—»— —* 
• 

- . 



Table III 

Endfire Array Efficiencies 

Five element array of 
antennas spaded X apart i 

Assumed efficiency 
of single antenna 

90* 
70?? 

Calculated 
array effioienoy 

0.8U* 
0.22* 

Five element array of 
antennas spaced X apart £ 16 

Assumed effioienoy 
of single antenna 

90* 
70* 

Caloulated 
array offioienoy 

11* 
3*1* 

It Is seen from this table that the a.rray effioienoy becomes -very 

low due to the low values of driving-point resistances (and hence lew effec- 

tive radiation resistance of the array). With closer spacings this effeot 

becomes even more pronouncod and the efficiency becomes vanishingly small. 

The apparent higher effioienoy of the l/6 wavelength antennas over the 1/1* 

wavelength antennas would bo unobtainable in prootioe because the efficiency 

of a single element would be lower to start with. 

Similar sets of calculations made for super-gain broadside arrays 

ohow essentially the some results. Plate 20 depiots the diroctive properties 

of two, linear, broadside arrays of five and nino elements each having an 

overall length of \/h wavelength. The properties of the Tohebysoheff 

polynomials ware applied to the problem of determining the current distribu- 

tion in theae equispaced arrays which results in high di^eotivity and low 

side lobes of the order of 26 decibels down on the main lobe. The relative 

currents calculated to obtain the aforementioned patterns are shown in 

Table IV.  These calculated values show further the impractioaiity of small 

aperture arrays. 
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1 Table IV 

Relative Currents in Broadside Arrays 

Five Elofflont Array Nine Element Array 

antenna 1 Xl " l'° lx m 1.0 

antenna £ I2 - -3.8 I2 - -7.9 

antenna 3 I3 - 2.3 l5 - 27.5 

antenna U ik - -3.6 i^ - -5U.6 

antenna 5 i5 . 1.0 i5 - 5U.1 

antenna 6 I6 « -5U.6 

antenna 7 ^ - 527.5 

antenna 8 I8 - -7.9 

antenna 9 Ig  -   1.0 

It is oonoluded that, because of the rapid rate with which antenna 

effioienoy decreases as the array dimensions ore reduced, high-gain antenna? 

of dimensions small in wavelengths are not praotioal for direotion finding 

systems. 

*-;:•• 
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DIRECTION    OF   ARRIVAL 
OF   E.M. WAVE 

ELEMENTS \ 

F EA»- D/2 COS 6 

FEjf-D/2S!S   e 

E<JC«+D/2SIN e 
E-9*+D/2 COS 6 

j     DIAGRAM    OF   E.M. WAVE    ARRiV'NS    AT   4    ANTENNA     ELEMENTS 

D/2 -     /4 

e 0° 10° 20° 30° 40° so- SO- 70° 80° 90* 

0* •A 270* 271° 275* 282* 291* so?' 315* 329* 344' 

•a 90° 89° 85* 73* 69° W>* 45* 31* IS* 0* 

•o 0° 16° 31* 45* 38* 69* 78* 85* 89# an© 

to 0s 344* 329* 315* 302*1.291* 282* 275" 271* 270" 

D/2 =    /2 

9 u !0° 20* 30' 40* 50* 60' 70* 80* 90* 

** 180* 182° 191* 204* 222* 244' 270* 298* 349* 0* 

$e 180° 179° iesT 136* 138° 118* 90* 62* 31* O- 

0° 31* 62;* 90* 116' 138* 156^ 169* 179* 180*! 

*o 0° 349* 298* 270* 24< CCA. 204" I9t# 182* 180s 

PHASES   OF   E.M. WAVE   AT   POINTS    A,B,C,aD 

REFERRED   TO  POINT    F 

PLATE    4 
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